Abstract. We have searched for periodicity in the photometric and spectroscopic variations of the enigmatic star HD 101584 and found a long-term variability on a typical time scale of 1700 days (4.7 years) and a highly significant period of 218 ± 0.7 day. This period is most prominently present in the photometric indices which are a measure for the Balmer jump (Geneva d and Strömgren c 0 1 ). The Doppler velocities of the high-excitation photospheric absorption lines (He I and C II) seem to be variable with the photometric period. Our data favor the 218 day period for the Doppler velocities with a small probability that the true period is 436 days. We argue that HD 101584 is a close (highly) eccentric 218 day binary system with a low-mass unseen secondary. The photometric and Doppler variations are attributed to changes in the velocity law and mass-loss rate of the stellar wind which lead to asymmetric line profiles and a phase dependent Balmer discontinuity. Binary interaction is responsible for the changes in velocity law and mass-loss rate leading to the observed phenomena.
Received May 1995 , November 1995 Abstract. We have searched for periodicity in the photometric and spectroscopic variations of the enigmatic star HD 101584 and found a long-term variability on a typical time scale of 1700 days (4.7 years) and a highly significant period of 218 ± 0.7 day. This period is most prominently present in the photometric indices which are a measure for the Balmer jump (Geneva d and Strömgren c 0 1 ). The Doppler velocities of the high-excitation photospheric absorption lines (He I and C II) seem to be variable with the photometric period. Our data favor the 218 day period for the Doppler velocities with a small probability that the true period is 436 days. We argue that HD 101584 is a close (highly) eccentric 218 day binary system with a low-mass unseen secondary. The photometric and Doppler variations are attributed to changes in the velocity law and mass-loss rate of the stellar wind which lead to asymmetric line profiles and a phase dependent Balmer discontinuity. Binary interaction is responsible for the changes in velocity law and mass-loss rate leading to the observed phenomena.
Introduction
Since Humpreys (1976) , on the basis of limited data, suggested that the peculiar supergiant HD 101584 is a binary Send offprint requests to: Eric J. Bakker, present address: Astronomy Department, University of Texas, Austin, TX 78712, USA, ebakker@astro.as.utexas.edu ⋆ Based on observations collected at ESOand the Long-Term Photometry of Variables project system with an orbital period of 3.5 years, it has been an open question whether the binary nature could be proven independently. The last two decades no convincing improvements have been made in detecting a periodicity. Here we will show that the optical photometry shows a highly significant periodicity of 218.0 ± 0.7 days and that the same period is probably present in the Doppler velocities of high-excitation absorption lines. Parthasarathy and Pottasch (1986) and Trams et al. (1991) used the detection of infrared excess in the IRAS bands as an argument for the evolved nature of HD 101584. They interpreted this as radiation from the AGB ejecta and argue that HD 101584 is in the post-AGB phase. The galactic latitude of 6 o is too low to decide between population I and II, but the observed radial velocity of HD 101584, derived from the CO millimeter line emission (v * CO = 50 km s −1 , Trams et al. 1990 ) cannot be fitted with the Galactic rotation curve if the star is a massive population I object. This strongly points to the population II nature of the object. Bakker et al. (1996) have made an extensive study on the nature of HD 101584 by combining multi-wavelength photometry and spectroscopy and found that the system contains a late B-type post-AGB stars which experiences a very high mass-loss rate (Ṁ ≃ 10 −8 M ⊙ yr −1 ). Due to the high density, the wind has a low degree of ionization, close to the star, the ionization conditions in the wind are similar to those in the photosphere of a F-type supergiant. This is observed as a low ionization shell spectrum. Due to the numerous UV spectral lines in the shell spectrum the UV continuum is not observed but obscured by a curtain of absorption lines (Bakker et al. 1994 ). In the red spectrum the shell spectrum produces less spectral lines and the late B-type star is observed by the presence of high-excitation absorption lines (e.g., He I and C II).
The most obvious way to look for binarity is to study the Doppler velocities of spectral lines, which gives the orbital period and the velocity amplitude of the observed star. This method cannot easily be applied to HD 101584 because of the velocity-stratification in the pseudo-photosphere. The Doppler velocities of absorption lines are not only dependent on the orbital phase, but also on the wind structure, line strength and central wavelength of the line (Bakker 1993; Bakker et al. 1996) . A radial velocity curve on the basis of high-excitation photospheric absorption lines may prove the binarity.
We have looked for periodicity in the photometric data of HD 101584. One of us, CW, has observed HD 101584 over many years, and obtained 89 observations in the Geneva system. The second, independent, dataset we have used is from the Long-Term Photometry of Variables (LTPV) project. These 75 observations have been obtained in the Strömgren system, were the y-band has been transformed to the Johnson V -band (V J ). A description of the observations is given in Sect. 2. We have combined the Geneva V -band with the LTPV y-band to obtain 157 Johnson V J magnitudes over 3337 days (4.1 years). Using the Phase Dispersion Minimization method (Sect. 3), we have detected a 218.0 ± 0.7 day periodicity in V J (Sect. 4). In Sect. 5 we will show that the 218 day period is likely present in the Doppler velocities of high-excitation photospheric absorption lines, and discuss the results in Sect. 6.
The observations

Photometry in Geneva seven color system
CW has collected photometry in the Geneva seven color system (U , B1, B, B2, V 1, V , G) spanning 1511 days (4.1 years). These observation were obtained with the 70cm Swiss telescope at ESO, La Silla, Chile. The error estimate on the V magnitude is 0.003 mag. A complete description of the Geneva seven color system can be found in Rufener and Nicolet (1988) . We will use the Geneva photometric indices B2 − V 1, d and g which are a measure of the effective temperature, the Balmer discontinuity, and the blocking by absorption lines respectively.
Photometry in Strömgren uvby system
We have obtained data from the Long-Term Photometry of Variables (LTPV) project (Sterken 1983 ) covering 10.6 years. All observations were taken using the Danish 50cm telescope on La Silla, and are made in the Strömgren uvby system. The photometry of the y-band has been transformed to the Johnson V J -band using the relation between those two bands (Manfroid et al. 1991) . The data has been published by Manfroid et al. (1991) and Sterken et al. (1993) . We will use the Strömgren indices (b − y) o , c 0 1 , and m 0 1 , which are a measure of the effective temperature, Balmer jump, and blocking by absorption lines respectively.
We have calibrated the Strömgren photometry of HD 101584 using the method described by Spoon et al. (1994) . The LTPV program makes use of comparison stars to increase the accuracy of the data. Just before and just after observing the program star, comparison stars are observed. Comparison star A is HD 102113 (A0IV) and comparison star B is HD 101735 (G5III). By assuming that the two comparison stars are intrinsically constant in magnitude we can calculate a correction term by which the observed magnitude of the comparison stars differs from their average value over the whole dataset. The observed magnitude of the program stars is corrected with this correction term to obtain an "atmospheric extinction" free intrinsic magnitude (Eq. 1). In order to correct the data, the comparison stars have to be observed within 30 minutes before or after the program star. Observations of the program star within three minutes of each other were averaged to one magnitude.
where < m A + m B > is the mean magnitude of stars A and B averaged over all observations.
The Johnson V J -band
The filter response function of the Geneva V -band and the Strömgren y-band, as converted to the Johnson V Jband, are almost identical. For this work we have made use of this and compiled a dataset of Johnson V J -band photometry containing the Geneva V -band and the calibrated Strömgren y-band. This dataset contains 157 data points and will be referred to as the Johnson V J -band dataset throughout this article.
Doppler velocities
High-resolution CAT/CES spectra (Table 1 , 17 spectra) have been obtained by CW in the wavelength region of He I (5876Å) and C II (6579 and 6583Å). Although there are many lines in the optical spectrum of HD 101584, the majority is formed in the stellar wind (Bakker et al. 1996) and only the high-excitation absorption lines (e.g., He I and C II) are from the photosphere of the underlying Btype star. Here we will try to correlate the photometric period with the Doppler velocities of these high-excitation absorption lines. All He I lines were fitted with a Gaussian to derive the central velocity. The C II lines are too weak for a reliable Gaussian fit and the central velocity was determined with an eyeball fit and the equivalent width by integrating over the line profile. If more than one velocity is available at a given date, the velocity used for our analysis was based on the quality of the spectra (Table 1) . A typical error in the velocity is 3 km s −1 . All velocities are heliocentrically corrected. 
Phase Dispersion Minimization method
Searching for periodicity with Fourier analysis techniques one looses information in trying to fit a sinus shaped curve to the mean light curve. This loss of information does not occur using the Phase Dispersion Minimization method (PDM). The PDM method was first proposed by Lafler and Kinman (1965) for finding the period of a RR-Lyrae variable. Stellingwerf (1978) made a generalization of this PDM method and applied it to the double-mode Cepheid BK Centauri. This method looks for periodicity in the light curve by means of an auto-correlation method that does not require the light curve to have any pre-known shape, but only that it repeats itself every period. A set of N photometric observations contains N pairs of Julian dates JD and observed magnitudes: (JD i , V i : i = 1, N ). Let the variance of the magnitude, σ 2 , be given by
where V is the average magnitude
The dataset is folded over a given period Π, to determine the phase of the observation dates φ = (JD − JD 0 ) /Π mod 1. Dividing the phase in N b bins and covering every bin N c time with a bin-offset of 1/(N b N c ) we have M = N b N c dependent samples of the mean light curve.
For each j-th sample containing M points the variance s j (Eq. 3) can be computed analog to Eq. 2.
The overall variance for the given period Π is then given by
we use the ratio
If the phase diagram shows a correlation for a given period Π, the overall variance s 2 will be smaller than the dataset variance σ 2 . This gives a minimum in the Θ-statistics (Eq. 5). If the phase diagram does not show any correlation but only a random distribution of magnitudes, the overall variance s 2 will equal the dataset variance σ 2 , and Θ will be close to 1.
The strength of the PDM method is that no pre-known shape of the light curve has to be given. For the photometric data we taken (N b , N c ) = (10, 2). This means that we split the light curve in 10 bins, each covering 0.1 part of the photometric phase. Each data point will be used twice. The Θ-statistics was calculated for 0.0 to 0.01 days −1 in frequency steps of 1 × 10 −5 days −1 .
Photometry
The long-term photometric variability with a time scale of 4.7 years
The photometric data of HD 101584 shows a long-term variation on a typical time scale of 1700 days (4.7 years). Fig. 1 shows the U , B, and V broad band filters of the Geneva dataset (until JD = 2448349.6). While the Uband has a minimum near JD = 7700, the V -band has a maximum. In the next sections we will discuss the 218 day photometric period and find a similar behavior which is attributed to changes in the wind structure and successively in the Balmer jump. It is suggestive to think that this variability is periodic, but our dataset is to limited to reach a firm conclusion about that. We note that the KelvinHelmholtz time scale for a post-AGB star is of the order of several decades. This might indicate that the origin of the variability has to do with the release of gravitational energy of a part (envelope ?) of the star itself. However the primary goal of this study it to look for photometric variations which might indicate that HD 101584 is an interacting binary system. It is unlikely that the 4.7 year variability is due to binary motion as in such a wide binary system the mutual interaction will be very small. Our main goal is to understand the large scatter around this long-term variation: the 218 days period.
4.2. The 218.0 ± 0.7 day periodicity in the Johnson V Jband
In order to look for a short-time periodicity on a long-term variability we should first try to correct for the long-term variability. However the shape of the intrinsic long-term variation is unknown, and we have tried to correct for this long-term variation without satisfactory results. The reason for this is that the PDM method is very suitable for finding a short-term variation on top of a long-term variation. By correcting the photometry we would pollute the light-curve with and "arbitrarily" long-term light curve without gaining much in sensitivity of detection a short time periodicity. Using the PDM method as described in the preceding section we find a Π = 218.0 ± 0.7 day period in the Johnson V J -band of HD 101584 (Fig. 2) . The Θ-spectrum does not only show the primary frequency, f 0 = 456.446 × 10 −5 days −1 , but also at least five sub-harmonics and two beats with the year. This is a highly significant period in the Johnson V J -band. Table 2 gives a list of the identified features in the Θ-spectrum. Using this period we can make a least-square-fit to the date using a sine function (Table 3) .
The many unidentified features in the Θ-spectrum are likely due to aliases as a result of the irregular spaced grid of observation dates. We have made a synthetic light curve using a sine-function and the photometric parameters of Table 3 . Such a synthetic light curve on the same grid of observation dates should show the same features in the Θ-spectrum. If this is not the case then this could mean that there is another period present in the data. Fig. 2 .b shows the Θ-statistics of the best-fitted-sine-function (Table 3) on the grid of observation dates. All features are present but the power in the Θ-spectrum is much more concentrated in the (sub-) harmonics of the sine function. This tells use that it should be possible to obtain better results using another shape of the synthetic light curve (e.g., sawtooth), or subtracting the long-term variability.
Finally we have computed a synthetic spectrum on a daily grid between the first and last day of observations present in the data set. The resulting Θ-spectrum (Fig. 2.c) shows very strong features at the primary frequency and at least seven sub-harmonics, no harmonics. The beats with the year are no longer present. The peak at primary frequency shows lobes on both sides corresponding to a frequency of the total time span of observations.
A 218 day period in the Θ-spectrum does not unambiguously means that the true period is 218 days. In the case the photometric periodicity is due to the rotating geometry of a binary system the true period can be twice the photometric period. As long as it is not clear what causes this periodicity it would be premature to choose between a 218 and 436 day period. Fig. 3 shows the Johnson V magnitude as function of phase φ (based on 218 and 436 day period) and Julian date. By looking at the light curve as function of Julian date we see that the magnitude follows the sine function quite well. We note that there are strong deviations from the mean light curve, particularly at its maximum. Unfortunately the photometric light curve does not significantly show that two successive 218 day periods behave differently. The question whether the true period is 218 or 436 days remains therefore open.
4.3. The 218.0 ± 0.7 day period in the photometric indices
In order to find the origin of the photometric period we searched for periodicity in the other photometric bands and photometric indices. As the dataset is about half the size of the V J -band dataset the PDM method does not give any useful results and we folded the photometry over 0.016 ± 0.008 mag JD(φ phot = 0) 2445044.576 φ phot = 0 is defined where VJ = VJ and dVJ /dt ≤ 0 a 218 day period and 436 days. In the case of 436 days we find that the two successive sines (of each 218 days) do not differ significantly. Which means that our data favor a true period of 218 days. In order to increase the accuracy of the light curve we will fold the data with a 218 day period. No clear phase dependence is observed in any of the separate photometric bands (with the exception of the Johnson V Jband because it contains much more data points). This is presumably due to the small amplitude and the irregular behavior of the light curve. To show the presence of photometric variations we will first look at the standard deviation (σ) of the photometry for each band and index. Table 4 gives for each photometric band (in order of increasing wavelength) the average magnitude (M ) and the standard deviation (σ M ). The last column gives the standard deviation of that band or index for the comparison stars (σ A/B ) and is used as a measure of the error in the dataset. Here we note that the standard deviation on the average magnitude of a photometric band or color is significantly larger than the error. Fig. 4 shows that the standard deviation increases to the blue. Near the y-band the variations are on a 3σ level, while due to an increase of the error the variations decrease to the blue. From this we conclude that all photometric bands show variations. Although we can not decide on the basis of Fig. 4 whether these variations are correlated with the 218 day period in Fig. 2 . a) Θ-statistics on the 157 data points of the Johnson VJ -band. At least five sub-harmonics can be identified (solid lines). On both sides of the main frequency the beat with the year is present (dashed line). b) Θ-statistics on the grid of observed dates with a synthetic sinusoidal light curve best representing the observations. c) the same as "b", but on a daily grid (see text for explanation).
the V J -band photometry it is suggestive that the 218 day period is also present in the other photometric bands.
A powerful tool to study the photometric variations are the photometric indices. Both in the Geneva and in the Strömgren system there are indices for the effective temperature T eff , the Balmer discontinuity, and the blocking by absorption lines. Bakker et al. (1996) have shown that the photometry is consistent with a late B-type supergiant (e.g., B8-9I-II, T eff = 12000 ± 1000 K, log g = 3.0 ± 1.0, and E(B − V ) = 0.49 ± 0.05). To calculate dereddened photometry we will adopt the reddening of E(B − V ) = 0.49 ± 0.05. Using Eq. 6 the Strömgren photometry can be dereddened. No dereddening has been applied to the Geneva photometry.
The effective temperature indicators are (b − y) 0 (Eq. 7) and (B2 − V 1) (Eq. 8).
In Fig. 5 both indices are folded with the 218 day period and no clear phase dependence is observed. From this we conclude that the 218 day period is not related to a periodicity in T eff . The photometric indicators for the Balmer discontinuity are c 0 1 (Eq. 9) and d (Eq. 10). eleven larger than the amplitude of 0.016 mag found in the V J -band photometry. The fact that the Geneva d and the Strömgren c 0 1 indices are not exactly in phase is likely due to the fact that they are not observed simultaneously and uses different photometric bands. Furthermore we should note again that we did not correct for the long-term photometric variability and that this will surely causes an additional scatter in the phase light curve. A maximum Balmer discontinuity occurs at phase φ phot = 0.0 ± 0.1, which is clearly out of phase with the V J -band: it is δφ = −0.25 ± 0.10 behind. The minimum Balmer discontinuity occurs at phase φ phot = 0.5 ± 0.1, exactly half a period shifted from the maximum Balmer discontinuity. Suppose that the large standard deviation of the temperature indicator (b − y) 0 is due to variations in the effective temperature of the star. Then the mean relation between c that it is not the temperature but the (wind)density that causes the variability of the Balmer discontinuity. From the work by Bakker et al. (1996) we know that at wavelengths shorter than the Balmer jump (3647Å) the wind spectrum dominates and is optically thick in the Balmer continuum: the UV energy distribution resembles an A5I star. The periodicity in c 0 1 can now be attributed to a periodicity in the density of wind material (not the photosphere).
Photometric variations due to obscuration by wind material is also observed in the case of the well studied object Pleione (Luthardt and Menchenkova 1994) . The spectral type of Pleione of B8V (M=3.5 M ⊙ ) is comparable to the spectral type of HD 101584: B(e)8-9II. In contrast to HD 101584 with v sin i ≈ 50 ± 10 km s −1 (assuming that we don't see it pole on), Pleione is a rapid rotator (v sin i = 300 km s −1 ) which experiences discrete massloss episodes. A shell of material is expelled and moves away from the star and the spectrum of a normal B8V star changes to a spectrum which is almost completely dominated by wind lines which are partially in emission. In the case of Pleione the recurrence time scale is of the order of several decades, while the recurrence time scale for HD 101584 is much shorter (218 days) and the star is almost continuously in a shell stage.
Recent theoretical work on the shell spectrum after a nova outburst (Beck et al. 1995) has shown that in the case of a dense shell of material around a 10.000 K star, the Strömgren sphere of e.g., hydrogen is one order of magnitude smaller than in the case of a black-body. This leads to a depression of the UV continuum. The observed photometric variations of HD 101584 can be understood in a similar way as a period depression of the UV continuum due to variations in the amount of gas in the line-of-sight.
The photometric indices for blocking by absorption lines are m 0 1 (Eq. 11) and g (Eq. 12). Fig. 5 shows that no clear phase dependence of these indices is observed. The presence and strength of spectral features does not vary significantly, which indicates that the periodicity found can be attributed to a periodicity in the strength of the UV continuum level. The number of wind lines in the optical spectrum of HD 101584 decreases to the red. For wavelengths longer than 5000Å there are very few of these lines left and it unlikely that these lines produce the periodicity in the photometry. Furthermore from Fig. 4 we note that although the Balmer continuum shows the strongest variability, there are indications that even the Paschen continuum varies in strength. 
Conclusions
We found a long-term variability (possible period) with a typical time scale of 4.7 years. The Balmer (and Paschen) discontinuity varies periodically with 218 days and that the effective temperature and blocking by absorption lines do not vary. This periodicity is therefore attributed to changes in the continuum level, and especially in the Balmer continuum (UV continuum). As the UV continuum is much lower than expected for a B8 supergiant we argue that the UV continuum is depressed due to the many absorption lines from a dense stellar wind and that the amount of depression of the UV continuum is period.
Doppler velocities
The 218 day period of the Doppler velocities
An important question in unraveling the photometric periodicity is whether or not the periodicity is also present in the Doppler velocities of the photospheric absorption lines, and if it is, whether the period is 218 or 436 days. The small number of data points (only 15) is too small to detect a period using the PDM technique and we have folded the observations over 218 and 436 days. Fig. 6 shows the two possibilities (218 or 436 days). On the basis of this figure we are not able to distinguish between the two periods, but as we have argued that the photometric period is 218 days we will adopt a 218 days period in the radial velocities. A sine fit with a period of 218 days yields an amplitude of 3.0 km s −1 with a residual dispersion of 3.4 km s −1 . The fit is not in phase with Amplitude K1 3.0 ± 3.4 km s It is however very doubtful whether a sine fit is allowed as the average velocity of 56.3 ± 1.0 km s −1 is 6.0 km s −1 red-shifted with respect to the system velocity. Most likely due to the small number statistics the observed average radial velocity is off by about 6.0 km s −1 . As only one point is below the system velocity a sine fit with an offset of the system velocity does not not give a reasonable fit to the data. An ad hoc interpretation to the 6 km s −1 offset could be that we don't see direct light from the star, but only reflected light on a receding "mirror" of material (e.g., wind material). As this is indeed an ad hoc interpretation we will not pursue it.
We have investigated if the periodicity in the Doppler velocities could be attributed to changes in the absorption line profiles. Fig. 7 shows the line profile of the He I lines at six different phases and Fig. 8 shows the line profiles of the two C II lines at 13 different phases. The dashed lines is the system velocity of 50.3 ± 2.0 km s −1 with on both sides a line at v sin i ≈ 50±10 km s −1 to show the variable asymmetry of the line profile. The red wing is steeper than Fig. 6 . Radial velocity curve of the high-excitation photospheric absorption lines. The two left panels are made by folding with the photometric period (218 days), while the right two panels were folded with twice the photometric period (436 days). The solid sine is the best fit through the data points (e = 0) and the dashed lines are highly eccentric orbits fitted to the data points(left e = 0.7 and right e = 0.2) as a possible explanation for the 6 km s −1 velocity offset. The lower two panels give the radial velocity curve versus Julian date for 218 and 436 days respectively. C II is represented by a filled circle and He I by an open circle.
the blue wing, and there is clearly a shift in the position of the minimum of the profile. This could cause a systematic error in the determination of the Doppler velocities.
Stellar rotation?
An estimate of v sin i can be obtained from the full width of the absorption line profile of C II (Fig. 8) . The full width of the He I line is not a good estimate because of Stark broadening. From the C II lines we find v sin i ≈ 50 ± 10 km s −1 . If 218 days is the stars rotational period and the system is almost edge-on (sin i = 1) then we find that the radius of the star is 214 ± 50 R ⊙ . This is one order of magnitude too large for a post-AGB star, but is about the size expected for a massive 40 M ⊙ supergiant. Alternative if we adopt a stellar radius (R * = 20 R ⊙ ) for a post-AGB star, and v sin i = 50 ± 10 km s −1 we find a rotational period of P rot = 20 days. We can thus conclude that 218 days is not the rotational period for a post-AGB star (it could be the rotational period if HD 101584 is a massive B-supergiant).
Pulsation?
With an amplitude of 6 km s −1 and a 218 day period the increase of radius in one pulsation period is 51 R ⊙ . This is larger than the radius of a post-AGB star (R * = 20 R ⊙ ). Such an enormous increase in radius would be observed and strong variations in the photometric indices which are a measure of the effective temperature would be observable. As this is not the case we can discard pulsation as the origin of the photometric variations. 
Binarity?
If the 218 day period in the Doppler velocities is attributed to orbital motion, the mass function of the system is f (m) = 4.9 × 10 −3 1 − e 2 3/2 M ⊙ . From Bakker et al. (1996) we take the system edge-on, sin i = 1, and for simplicity we will adopt e = 0. Table 6 gives the orbital parameters for a 0.6 M ⊙ post-AGB star, a 8 M ⊙ (Pop. I) and a 40 M ⊙ star (Pop I). The orbital separation, a sin i, is in all cases less than 13 R * , and all systems are close binaries. In all cases the secondary is a low-mass star, with a mass less than the primary (the observed star). Stars which are not on the main sequence evolve faster than on the main sequence. This means that the secondary is most likely either the end product of stellar evolution, or is on the main sequence. The secondary of the 0.6 M ⊙ primary is a low-mass main sequence object as 0.14 M ⊙ white dwarfs do not exist. The secondary of the 8 M ⊙ and 40 M ⊙ primary cannot be a white dwarf as the progenitor was a high-mass star which evolves to a neutron star or a black hole which have a mass in excess of 1.4 M ⊙ . The presence of a black hole or neutron star is not likely as no high energetic processes have been reported in the literature. This secondary is thus also on the main sequence.
A possible solution to the low-mass of the secondary and the velocity offset of 6 km s −1 is if the star is in a highly eccentric orbit. This will increase the amplitude, K1, the mass-function, and therefore the mass of the secondary. Two examples are plotted in the top two panels of Fig. 6 . In that case we find post-AGB secondaries masses in the range between 0.1 and 1.0 M ⊙ .
It is evident that if the variations in Doppler velocities are due to binarity, the mass function poses strong constraints on the mass of the secondary and the eccentricity of the orbit. The most likely evolutionary status, the post-AGB phase, yields a mass of the secondary in the range of 0.14 M ⊙ for a circular orbit to 1.0 M ⊙ in a (highly) eccentric orbit.
Conclusion
Pulsation and rotation are not able to explain both the photometric and radial velocity variations. If the observed star is in a binary system with an eccentric orbit the radial velocity variations could be due to binary motion which gives a secondary mass between 0.14 and 1.0 M ⊙ .
Discussion
We can summarize the results in the following way:
1. The photometry reveals a long-term variability on a time scale of about 1700 days (4.7 years). On the basis of the available data we argue that it is likely periodic. 2. The Johnson V J -band, derived from the Geneva V and
Strömgren y-band, shows a highly significant period of Π = 218.0 ± 0.7 days. 3. The period is most clearly present in the photometric indices which are a measure of the Balmer jump. 4. The effective temperature indicators do not vary with phase. 5. The line blanketing indicators do not vary with phase.
6. The photometric variations are therefore attributed to variations in the (UV and optical) continuum level. 7. A change in the strength of the Balmer jump can occur at a part of the stellar surface with a lower effective gravity, leading to a higher mass-loss rate and a flatter velocity law of the wind. 8. The Doppler velocities of high-excitation photospheric absorption lines are likely periodic with 218 days, and attributed to orbital motion in an highly eccentric orbit. 9. The Doppler velocities are not in phase with the Balmer jump.
We have discussed stellar rotation, binarity and pulsation as possible origin of the 218 day photometric period and found that only binarity can explain the observations. (a) HD 101584 is a post-AGB star and the variations are due to a companion with a period of 218 days. The changes in the velocity law and mass-loss rate are likely triggered by binary interacting with the secondary. The asymmetric photospheric lines profiles might cause a systematic effect in the determination of the Doppler velocities, and can (partly) explain the 6 km s −1 offset. (b) If HD 101584 is a massive object than the stellar rotational period is the most acceptable origin.
In both scenario the same idea works: a part on the stellar surface experiences a flatter velocity law and higher mass-loss rate than average. This results in a periodic increase and decrease of the (UV) continuum level. The periodicity in V J -band is also due to the increase in the wind density, but as the effect of the amount of neutral hydrogen strongly decrease to longer wavelength the amplitude is quite small.
A alternative explanation for the variations in the Balmer discontinuity might be the presence of a second continuum source in a binary system (e.g., an accretion disk around the secondary). The second continuum source is periodically observed or obscured and this leads to the observed changes in the photometry.
From this work we see that the ultraviolet spectral region is of crucial importance in understanding this object as the stellar wind is so dominant. We therefore have started a long-term IUE program to monitor HD 101584 every 40 days at high-and low-resolution. Here we predict that the UV continuum will rise and fall in phase with the c 0 1 and d index.
